Ion mobility spectrometry (IMS) was a technique originally applied for the detection of trace compounds.
. Schematic diagram of ionization process in ion mobility spectrometer.
Ion mobility spectrometry (IMS) was a technique originally applied for the detection of trace compounds. [1] [2] [3] IMS has been widely used to detect chemical warfare agents, [4] [5] [6] explosives, [7] [8] [9] [10] and illegal drugs [10] [11] [12] [13] since it combines both high sensitivity (detection limits down to the ng/L range to pg/L range, ppb range and ppt range) and relatively low technical expenditure with high-speed data acquisition. The time required to acquire a single spectrum is in the range of several tens ms. The working principle is based on the drift of ions at ambient pressure under the influence of an external electric field. [14] [15] [16] [17] [18] [19] [20] IMS works in a similar way to a time-of-flight mass spectrometer (TOFMS). The major difference is that TOFMS requires a vacuum but IMS does not. The mean free path of the ions in IMS is very smaller than in TOFMS. A typical IMS is comprised of an ionization source associated with an ion reaction chamber, an ion drift tube, an ion/molecule injection shutter placed between the ion reaction chamber and the ion drift tube, and an ion collector (detector, Faraday plate). An ion swarm drifting under the electric field experiences a separation process based on ions with different masses or structures having different drift velocities. Collecting these ions on a Faraday plate delivers a time-dependent signal corresponding to the mobility of the arriving ions. This ion mobility spectrum contains information on the nature of the different trace compounds present in the sample gas.
Mass spectrometry is an important tool for the structural analysis of unknown chemicals. Soft ionization techniques such as matrix-assisted laser desorption and ionization (MALDI) and atmospheric pressure ionization (API) have been used for determination of molecular weight of an analyte. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Electrospray ionization (ESI) and atmospheric pressure chemical ionization (APCI) are the most currently used as API sources. In APCI, a corona discharge makes solvent reactant ions that are used to ionize the analyte by chemical ionization. [31] [32] [33] [34] Solvent and analyte are vaporized by pneumatic nebulization. APCI relies upon gas-phase ion-molecule reactions to place a charge on neutral analytes, so it is especially important to understand these reactions. The solvent-derived ions serve as reagents for proton transfer ionization.
Cocaine is a powerfully addictive drug because of its instantaneous and overwhelming effects on the central nervous system. It is generally analyzed by gas chromatography/mass spectrometry (GC/MS), liquid chromatography/mass spectrometry (LC/MS), GC, or LC. Recently, it has been analyzed using IMS.
11,35-37 Lu and coworkers 35 analyzed cocaine and its metabolites, benzoylecgonine and cocaethylene in urine using solid phase extraction (SPE) coupled with IMS, and reported that the detection limits of benzoylecgonine and cocaethylene are 10 ng/mL (10 ppb) and 4 ng/mL (40 ppb), respectively. Dussy and coworkers 36 examined the validation of a qualitative IMS procedure for the detection of trace amounts of cocaine on incriminated material using a vacuum cleaner for sampling and reported that the detection limit of cocaine was 0.2 ng.
We constructed IMS equipped with corona discharge ionization source and its performance was tested using cocaine. Ionization sources used in IMS are 63 Ni ionization (β-ionization), photoionization (PI), and corona discharge (CD) ionization. The corona discharge ionization source is relatively new ionization method in IMS. 38 IMS equipped with 63 Ni ionization source can be used for manifold applications including chemical warfare agents, drugs, explosives, and environmental and industrial analyses. Unfortunately, it contains radioactive nickel. Furthermore, the . But, in the negative mode, any product ion related cocaine was not observed. In order to determine the detection limit of cocaine in APCI-MS, the ion intensity was observed as the concentration decreased. The fragmentor voltage was determined to 150 V by comparing the ionization efficiencies according to the fragmentor voltages. The detection limit of cocaine in APCI-MS was 10 ppb in acetonitrile (the injection volume 10 µL). That is, the detection limit was about 0.1 ng. The calibration curve of cocaine in APCI-MS of the range of 10 -200 ppb was obtained as shown in Figure 3 . The curve fitting equation of the calibration curve was y = 506x -922 (r = 0.997). The experimental results say that analysis of cocaine using APCI-MS had good detection limit and was good for quantitation.
The cocaine solution in acetonitrile of 1 µL was introduced into the IMS and analyzed to examine the detection limit and reproducibility. The analysis was performed five times at each concentration to check the reproducibility. Both positive and negative modes were performed. The product ion of cocaine was only generated in the positive mode (Figure 4) . Besides the peaks of acetonitrile and reactive gases (air and water molecules), only one new peak was observed in the IMS spectrum. Considering the APCI mass spectrum of cocaine, the new peak must be the protonated molecule of cocaine. The drift time (td) was 46.55 ± 0.10 ms. The relative standard deviation (RSD) was less than 1.0%. The detection limit of cocaine in the IMS with corona discharge ionization was determined as the concentration decreased. The detection limit of cocaine in the IMS was 20 ppb. That is, the detection limit was about 0.02 ng (the injection volume was 1 µL). This was a better detection limit than the previous result of Dussy and coworkers. 36 Figure 4 shows the five IMS spectra of the 20 ppb cocaine. RSD of the peak heights was 17%. The ion mobility (K, cm 2 / V․sec) is define by equations (1) and (2).
where vd is the drift velocity of ion (cm/sec), E is the electric field (V/cm), L is the drift distance of ion (cm), and t d is the transit time (drift time) of ion in the drift region (sec). The calculated K was 1.555 ± 0.004 cm 
where T is the operating temperature of the instrument (K) and P is the current ambient pressure (torr). From the experimental results, we can conclude that the new IMS equipped with corona discharge ionization source had excellent detection limit of cocaine (0.02 ng) and relatively good reproducibility.
Experimental Section
Cocaine of 1000 ppm in acetonitrile was purchased from Cerilliant Co. and acetonitrile (HPLC grade) was purchased from J. T. Baker Co. The concentrated cocaine was diluted with acetonitrile to 10, 20, 50, 100, 150, and 200 ppb.
IMS equipped with corona discharge ionization source ( Figure 1 ) was constructed by Wooju Communication & Technology Co. The analysis conditions of IMS were as follows: temperature of the sampling region was 200 o C, temperatures of the ionization chamber and drift tube were 100 o C, pressure in the drift tube was 750 torr, the electric field was 154.7 V/cm, and the drift distance of ion was 11.2 cm. The 1 µL sample was injected. The IMS analyses were performed five times at each concentration.
LC/APCI-MS of HPLC 1200 instrument coupled to a single quadrupole LC-MS 6130 mass spectrometer of Agilent Technologies Inc. was used as APCI-MS. The liquid chromatograph used a binary pump and an injection valve with a 10 µL sample loop. A sample of 10 µL was introduced by means of a Rheodyne valve. The eluent was the same solvent and the flow rate was 1.0 mL/min. MS detection was achieved using a single quadrupole spectrometer equipped with an APCI ionization source. The following instrumental parameters were used for the LC/ APCI-MS analysis in the positive ion mode: capillary, -4 kV; fragmentor voltage, 150 V; corona current, 4.0 µA; quadrupole temperature, 100 o C; vaporizer temperature, 325 o C. The APCI-MS analyses were also performed five times at each concentration.
